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ABSTRACT 
This research addresses the design of modular setup of micropump wherein 
the two basic components of micropump: actuation and flow rectification element are 
separated. Conventional approach with integrated actuator within the micropump 
shows less flexibility and discourages disposable usage. Furthermore, fabrication 
methods of these components need to be compromised to achieve pumping target. 
Hence, this research investigates and studies the flow behaviour of the modular 
micropump with a diffuser and a gourd-shape channel design in the flow rectification 
module. Numerical simulations were built in COMSOL Multiphysics to study and 
optimise parameters in module design. Based on the obtained parameters from the 
simulation results, the diffuser module was fabricated on poly (methylmethacrylate) 
(PMMA) polymer using a rapid hot embossing replication method, whereas the 
gourd-shape module was fabricated on poly (dimethylsiloxane) (PDMS) polymer 
with a photolithography and a replication moulding (REM) technique. The actuating 
gaps between the actuation module and the flow rectification module were studied. 
The diffuser module (100 µm membrane thickness) exhibited largest flow rate range 
of 0.06–5.78 mL/min with back pressure 1.35 kPa at 2.5 mm gap. The flow rate 
performance increased 16.43% with a thinner membrane, 70 µm. For multifunctional 
application, the gourd-shape chamber module poses bi-directional pumping and 
mixing characteristic. Experimental result shows the micropump with the flow rate 
range of 0.20–1.52 mL/min (forward direction) and 0.05–1.48 mL/min (reverse 
direction).  The attributes of the mixing when using this module was further 
investigated in a forward flow configuration. The mixing performance was quantified 
by digitally counting each gray level of the captured image. Exclusively, the 
experimental findings of the proposed modular micropump indicate that the modular 
architecture is well adapted in micropump development with the advantageous of 
large flow rate range, flexible with multi-functionality and disposable features.
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ABSTRAK 
Kajian ini bertujuan untuk mereka bentuk modular mikropam di mana dua 
komponen asas mikropam: aktuator dan elemen penggarahan aliran dipisahkan. 
Kaedah konvensional integrasi aktuator di dalam mikropam mempunyai kelemahan 
daripada segi kekurangan kelenturan dan tidak boleh dibuang selepas digunakan. 
Tambahan pula, kaedah fabrikasi di antara dua komponen tersebut harus 
dikompromikan  untuk mencapai tujuan mengepam. Justeru, penyelidikan ini 
mengkaji aliran mikropam dengan penggunaan peresap dan saluran yang berbentuk 
labu dalam modul penggarahan aliran dua hala. Simulasi telah dibina dengan 
menggunakan perisian COMSOL Multiphysics untuk mencari parameter yang 
optimum dalam proses mereka bentuk elemen peresap. Berdasarkan parameter-
parameter yang diperolehi melalui keputusan simulasi, peranti tersebut direka dan 
difabrikasi daripada bahan poly (methylmethacrylate) (PMMA) dengan kaedah 
replikasi. Di samping itu, saluran berbentuk labu difabrikasikan dalam bahan 
poly (dimethylsiloxane) (PDMS) dengan penggunaan teknik fotolitografi dan teknik 
acuan replikasi. Sela pemisahan antara modul aktuator dan penggarahan telah dikaji. 
Modul peresap dengan membran (ketebalan 100 µm) menghasilkan kadar aliran 
dalam lingkungan julat yang besar di mana 0.06–5.78 mL/min pada tekanan balik 
1.35 kPa dengan jurang pemisahan 2.5 mm. Pretasi aliran telah ditingkatkan 
sebanyak 16.43% dengan membran yang lebih nipis iaitu 70 µm. Untuk aplikasi lain, 
saluran berbentuk labu menunjukkan dua arah aliran dengan kadar 0.20–
1.52 mL/min (aliran ke hadapan) and 0.05–1.48 mL/min (aliran terbalik). Selain itu, 
ciri-ciri campuran antara dua aliran turut disiasat. Pretasi campuran tersebut dikaji 
dengan membandingkan skala kelabu bagi setiap piksel dalam imej gambar yang 
ditangkap. Experimentasi mikropam telah menunjukkan seni bina modular adalah 
sesuai untuk diimplementasikan dalam modular mikropam dengan kelebihan julat 
kadar aliran yang besar, lentur dengan kepelbagaian fungsi dan mempunyai ciri-ciri 
pakai buang. 
viii 
 
 
 
 
TABLE OF CONTENTS 
 
 
CHAPTER TITLE PAGE 
 
 DECLARATION   ii 
 DEDICATION  iii 
 ACKNOWLEDGEMENT  iv 
ABSTRACT  vi 
ABSTRAK  vii 
TABLE OF CONTENTS  viii 
LIST OF TABLES  xiii 
LIST OF FIGURES  xiv 
LIST OF ABBREVIATION  xx 
LIST OF SYMBOLS  xxii 
LIST OF APPENDICES  xxv 
  
1 INTRODUCTION 1 
 1.1 Background 1 
 1.2 Problem Statement 3 
 1.3 Research Objectives and Scope of the Thesis 4 
 1.4 Research Methodology 5 
 1.5 Significant Findings 6 
 1.6 Thesis Outline 7 
   
2 LITERATURE REVIEW 8 
 2.1 Introduction 8 
 2.2 Micropump Principle 9 
  2.2.1 Classification of Micropumps 12 
ix 
 
 
 
  2.2.2 Basic Reciprocating Pump Design Parameters 13 
 2.3 Actuator 15 
  2.3.1 Comparison between Actuators 15 
  2.3.2 Development of Electromagnetic Actuation 17 
 2.4 Valves       20 20 
  2.4.1 Classification of Microvalves 20 
  2.4.2 Fixed Geometry Valve 22 
   2.4.2.1 Diffuser/Nozzle Elements 22 
   2.4.2.2 Branch Channel 26 
   2.4.2.3 Asymmetrical Obstacle 28 
 2.5 Microfabrication: Rapid Prototyping Technologies 29 
  2.5.1 Materials Selection 29 
   2.5.1.1 Poly(dimethylsiloxane)–PDMS 30 
   2.5.1.2 Poly(methylmethacrylate)–PMMA 31 
  2.5.2 Hard Polymer Rapid Prototyping 31 
   2.5.2.1 Direct Micromachining 32 
   2.5.2.2 Replication Technologies 32 
   2.5.2.3 Low Cost Patterning Technique 34 
  2.5.3 Soft Polymer Rapid Prototyping 36 
 2.6 Multifunctional Micropump Features 37 
  2.6.1 Bi-directional Pumping 37 
  2.6.2 Mixing Application 38 
    
3 CONCEPTUAL DESIGN OF MODULAR ARCHITECTURE 41 
 3.1 Introduction 41 
 3.2 Pinch Actuation Module 47 
   3.2.1 Working Principle of Non-Contact Operation 48 
   3.2.2 Characteristics of the Pinch Actuation Module 49 
    3.2.2.1 Impedance Analysis 49 
    3.2.2.2 Pinch Force Response with Separation Gap 51 
    3.2.2.3 Pinch Force Response with Frequency 52 
  3.3 Finite Element Modelling (FEM) of Diffuser Element 54 
   3.3.1 Efficiency Evaluation with Minor Loss Theory 54 
x 
 
 
 
   3.3.2 2-D Numerical Modelling 56 
    3.3.2.1 Diffuser Angle and Reynolds Number Study 58 
    3.3.2.2 Diffuser Angle and Entrance Curvature Ratio 
Study 61 
    3.3.2.3 Diffuser Angle and Entrance Length Study 64 
  3.4 Finite Element Modelling (FEM) of Membrane 66 
   3.4.1 3-D Modelling: Shape Study 67 
   3.4.2 3-D Modelling: Material Structure Study 69 
   3.4.3 Axial Symmetry Modelling: Thickness and Size 
Study 70 
   3.4.4 Axial Symmetry Modelling: Interaction Study of the 
Contact Surface between the Actuator and the 
Membrane 72 
  3.5 Summary 73 
   
4 DEVELOPMENT OF DIFFUSER-BASED FLOW 
RECTIFICATION MODULE 74 
  4.1 Introduction 74 
  4.2  Hot Embossing Rapid Prototyping 74 
   4.2.1 PCB Mould Fabrication 76 
    4.2.1.1 PCB Mould Examination 76 
   4.2.2 Diffuser Chip Replication 77 
    4.2.2.1 Hot Embossing Process Parameters 78 
   4.2.3 PMMA-PMMA Bonding Using UV Adhesive 81 
   4.2.4 PDMS Membrane Fabrication 82 
   4.2.5 Membrane Layer and Diffuser Chip Assembly 84 
    4.2.5.1 Bonding Strength Evaluation 86 
  4.3 Micropump Characteristics 87 
   4.3.1 Experimental Setup 88 
   4.3.2 Flow Rate Experiment 89 
   4.3.3 Back Pressure Experimental 92 
   4.3.4 Membrane Thickness Study 93 
  4.4 Repeatability Test 95 
xi 
 
 
 
  4.5 Performance Comparison with Other Micropumps 97 
  4.6 Summary 98 
   
5 MULTIFUNCTIONAL FEATURED MODULE WITH 
GOURD-SHAPE CHAMBER 99 
  5.1 Introduction 99 
  5.2 Design and Working Principle 100 
  5.3 Numerical Simulations 101 
   5.3.1 Pressure Profile in a Pumping Cycle 102 
   5.3.2 Velocity Profile in a Pumping Cycle 104 
   5.3.3 Membrane Deflection Profile 105 
  5.4 Bi-directional Micropump Fabrication 106 
   5.4.1 Mould Fabrication: Photolithography 106 
   5.4.2 Replica Moulding (REM) and Bonding Process 108 
  5.5 Bi-directional Micropump Characterisation 110 
   5.5.1 Experimental Setup 111 
   5.5.2 Flow Rate Experiment 112 
    5.5.2.1 Pinching Location 112 
    5.5.2.2 Frequency Variation 115 
   5.5.3 Back Pressure Experiment 117 
   5.5.4 Performance Comparison with Other Bidirectional 
Micropumps 120 
  5.6 Mixing Behaviour 121 
   5.6.1 Gourd-Shaped Mixing Module Fabrication 122 
   5.6.2 Mixing Performance Evaluation 124 
   5.6.3 Experimental Setup and Results 125 
  5.7 Summary 127 
  5.8 Comparison of Flow Rectification Modules 128 
     
6 CONCLUSION AND FUTURE WORKS 131 
  6.1 Conclusion 131 
  6.2 Future Works 133 
 
xii 
 
 
 
REFERENCES 136 
Appendices A-B 152-159 
 
 
xiii 
 
 
 
LIST OF TABLES 
 
 
TABLE NO. TITLE PAGE 
 
3.1 Range of parameters used in FEM 57 
3.2 Material properties comparison between PDMS and silicon 70 
4.1 Performance comparison with other reported literature 97 
5.1 Performance comparison with counterparts 120 
5.2 Performance of the micropumps developed in this thesis 129 
xiv 
 
 
 
LIST OF FIGURES 
 
 
FIGURE NO. TITLE PAGE 
 
1.1 Basic operation of LOC (version adapted from Shen et al. [2]) 2 
2.1 Major units of micropump design 8 
2.2  Schematic illustration of Bernoulli equation in a microchannel 9 
2.3 Categories of pumping principle (adapted from Laser et al. [3] 
and Iverson et al. [10]) 
12 
2.4 Basic components of reciprocating micropump (adapted from 
[19]) 
 
14 
2.5 Complete micropump setup (adapted from Lee et al. [31]) 18 
2.6 (a) The permanent magnet mounted on the axis of the 
minimotor and (b) the complete micropump assembly system 
(adapted from Shen et al. [32]) 19 
2.7 Microvalve classification 20 
2.8 Working mechanism of diffuser element in (a) suction mode, 
(b) pump mode 23 
2.9 Schematic view of the proposed structure by Andersson et al. 
(adapted from [56] ) 25 
2.10 Illustration of the vortex location in triangular areas and 
circular areas (adapted from Izzo et al. [57] ) 25 
2.11 Valve volumetric efficiency judged against its (a) undisturbed 
flow and (b) disturbed flow 26 
2.12 Bifurcation designs with (a) single bifurcation, (b) double-
generation bifurcation, and (c) hybrid bifurcation (adapted from 
[64]) 27 
2.13 Construction of the branch fluidic channel with (a) discharge 27 
xv 
 
 
 
stroke, (b) suction stroke (Yoon et al. [65] – reproduced with 
permission from Elsevier) 
2.14 Asymmetrical type valve in micropump structure (adapted from 
Lee et al. [66]) 28 
2.15 Principles of injection moulding (a) moulding tool is clamped, 
vacuumed and heated above its Tg, (b) injection of viscous 
polymer, (c) mould and polymer are cooled down and de-
moulded 33 
2.16 Hot embossing procedure include (a) alignment of mould and 
polymer, (b) heat and force applied, (c) cooling and mould 
removal 33 
2.17 PDMS-based hot embossing procedure (a) components before 
assembly, (b) assembled components placed in the oven 
(adapted from [101]) 35 
3.1 Schematic illustration of the concept of the modular 
micropump 42 
3.2 Overview of the diffuser-based modular micropump with (a) 
the modular arrangement between the actuation module and the 
diffuser module, (b) exploded view of the diffuser components, 
(c) connection method with a LOC device (straight channel 
microchip) 44 
3.3 Schematic structure of the gourd-shaped chamber modular 
micropump. (a) The modular arrangement between the 
actuation module and the gourd-shaped chamber module, (b) 
exploded view of the gourd-shaped chamber module 46 
3.4 Electromagnetic solenoid with NdFeB permanent magnet 
attachment 48 
3.5 Schematic illustration of pinch actuation operation (a) rest state 
and (b) actuation state 48 
3.6 Current study in the frequency domain 50 
3.7 Pinch force exerted on the flow module with variation of gap 
separation 51 
3.8 Pinch force experimental setup with frequency variation 52 
xvi 
 
 
 
3.9 Pinch force with frequency variation 53 
3.10 Geometrical parameters of the diffuser element 55 
3.11 Mesh sensitivity test at the diffuser half angle, θ= 4 ° and Re= 
10 57 
3.12 Efficiency ratio of the diffuser element with variation of the 
half opening angle 58 
3.13 Reynolds number efficiency variation with diffuser half angle 59 
3.14 Plot of the streamline flow with the function of diffuser half 
opening angle with (a) diffuser angle, θ= 6 °, (b) diffuser angle, 
θ= 10 °, (c) diffuser angle, θ= 25 °, (d) nozzle angle, θ= 25 ° 60 
3.15 Rounded entrance effect on diffuser efficiency ratio at Re 100 
with (a) efficiency ratio vs. curvature ratio, (b) the peak value 
of the curvature ratio at the respective diffuser half angles 62 
3.16 Flow pattern at different entrance radius variations. (a) CR= 
0.1, (b) CR= 1 63 
3.17 Schematic illustration of entrance length geometry and velocity 
profile at (a) fully developed boundary layer, (b) thin inlet 
boundary layer, and (c) flow velocity profile at the entrance 
channel indicating fully developed and thin boundary 
(developing) layers 64 
3.18 Pressure loss with variation of diffuser half angle at respective 
entrance flow profiles 65 
3.19 Schematic diagram of (a) 2-D axial symmetry model, and (b) 3-
D model 67 
3.20 Deflection and stress profile with (a) circular, (b) square, (c) 
rectangular geometry 68 
3.21 Thickness-dependent properties of PDMS membrane with (a) 
deflection with thickness variation at radius 2.5 mm, (b) 
deflection with radius at a constant thickness of 100 µm 71 
3.22 Membrane deflection of surface with variation of the surface 
contact ratio 72 
4.1 Device development flow chart for diffuser module fabrication 75 
4.2 PCB mould evaluation 77 
xvii 
 
 
 
4.3 PCB hot embossing protocol with (a) alignment of the PMMA 
sheets and a mould, (b) assembly inserted into G-clamp, (c) 
removal of the replica 
 
 
78 
4.4 Process parameter experiment configuration (a) G-clamp load 
estimation experiment setup, (b) load estimation with turn angle 
variation 79 
4.5 Hot embossing processing temperature graph 80 
4.6 Device evaluation. (a) Microdiffuser before and after assembly, 
(b) optical image of diffuser element 80 
4.7 Capillary effect of adhesive transfer 81 
4.8 PDMS thickness-dependent relationships (a) spin coater speed 
variation at 30 seconds, (b) spin time variation at a constant 
spin speed of 1500 rpm, (c) 3-D image of membrane surface 
morphology 83 
4.9 Exploded view of the diffuser module with assembled layer 85 
4.10 Fully assembled micropump with complete module 85 
4.11 Experimental configuration for the pressure test 86 
4.12 Breakdown pressure with variation of the membrane diameter 87 
4.13 Experimental setup for measurement of flow rate and back 
pressure 88 
4.14 Flow rate vs. frequency (0–5 Hz)  89 
4.15 Pump performance at nominal frequency with (a) flow rate vs. 
frequency (0–70 Hz), (b) volume pumped per cycle vs. 
frequency 90 
4.16 Flow rate vs. back pressure at 65 Hz 92 
4.17 Back pressure vs. frequency 93 
4.18 Experimental investigation of the pump behaviour with (a) 
frequency–flow rate dependency, (b) frequency–back pressure 
dependency, (c) flow rate dependency under back pressure 
variation 94 
4.19 Repeatability and reproducibility test  96 
5.1 Structural overview of the gourd-shaped module. (a) Side view 
of the flow module, (b) top view of the flow module 100 
xviii 
 
 
 
5.2 Conceptual explanation of the pumping and rectifying 
operation at (a) forward flow (defined as from end A to end B), 
and (b) reverse flow (defined as from end B to end A) 
 
 
100 
5.3 Boundary definition of the pump model. 102 
5.4 Pressure distributions along the actuation chamber with (a) 2-D 
forward flow chart, (b) 2-D reverse flow chart, (c) forward flow 
pressure gradient, (d) reverse flow pressure gradient 103 
5.5 Velocity details at each pinch cycle with (a) forward flow setup 
(b) reverse flow setup 104 
5.6 Membrane deflection profile 105 
5.7 Fabrication of the flow module with (a) pre-treated silicon 
substrate, (b) SU-8 coating, (c) soft baked coated substrate, (d) 
UV exposure, (e) post-baking, and (f) SU-8 development 107 
5.8 Replica moulding (REM) of the PDMS structure with (a) 
pouring of PDMS onto the fabricated mould, (b) bonding of the 
imprinted gourd-shaped channel with the cover lid, (c) 
attachment of inlet and outlet tubings 108 
5.9 Gourd-shaped imprinted flow module 109 
5.10 Complete device. (a) Photograph of the micropump structure, 
(b) exploded view of the pump component indicating the 
PDMS mixing ratios 110 
5.11 Schematic illustration of the experimental setup 111 
5.12 Flow response to variation of the horizontal plunger position 113 
5.13 Switching from forward flow (point P) to reverse flow (point 
Q) at 20 Hz frequency 114 
5.14 Flow response to the membrane actuator gap distance  115 
5.15 Flow rate–frequency dependence at (a) low operating frequency 
(1–10 Hz) and (b) nominal operating frequency (5–55 Hz) 116 
5.16 Water flow–back pressure characteristics for forward and 
reverse flow directions 117 
5.17 Back pressure vs. frequency  118 
5.18 Micropump‟s transient response at corresponding frequencies 119 
5.19 Schematic illustration of the gourd-shaped chamber mixer. (a) 122 
xix 
 
 
 
Overview of the module (micro-mixer), (b) top view of the 
device 
5.20 Fabrication of microfluidic mixer. (a) REM process of the 
mixer channel, (b) close-up view of the microchannel under a 
microscope 123 
5.21 Complete structure of (a) exploded view of the microfluidic 
micromixer, (b) photograph of the complete micromixer with 
gourd-shaped chamber 124 
5.22 Experimental setup for investigation of the mixing application 125 
5.23 Visualisation of colour dye in non-actuation state 126 
5.24 Distribution of mixing index at various locations. Region A 
denotes the location of the confluence of two streams before the 
mixing region. Region B shows the mixing region and Region 
C is the downstream area of the mixing region. 127 
6.1 Schematic overview of dual flow rectification module. (a) The 
full assembly of the actuation module and the flow rectification 
module, (b) exploded view of the structure 134 
6.2 Principle of operation of the conductive liquid flow through the 
electrode 135 
   
 
xx 
 
 
 
LIST OF ABBREVIATION 
 
 
µTAS - Micro total analysis system 
LOC - Lab On a Chip 
SMA - Shape memory alloy 
PCB - Printed circuit board 
IPMC - Ionic polymer metal composite 
TiNi - Titanium–nickel 
MEMS - Micro-electromechanical Systems 
PDMS - Poly(dimethylsiloxane) 
Ni80Fe20 - Nickel Iron alloy 
Cr-Cu - Chronium-copper 
NdFeB - Neodymium magnet 
UV - Ultraviolet 
AC - Alternating current 
DC - Direct current 
rpm - Revolutions per minute 
Re - Reynolds number 
CR - Curvature ratio 
PZT - Lead zirconate titanate 
PIV - Particle image velocimetry 
DRIE - Deep reactive ion etching 
ICP - Inductive coupled plasma 
xxi 
 
 
 
PMMA - Poly(methyl methacrylate) 
PC - Polycarbonatecoc 
COC - Cyclic olefin copolymer 
REM - Replica moulding 
dpi - Dots per inch 
PCR - Polymerase chain reaction 
DNA - Deoxyribonucleic acid 
Vpp - Peak to peak voltage 
RL circuit - Resistor-inductor circuit 
MOF - Maximum operating frequency 
FSI - Fluid Structural interaction 
FEM - Finite element modelling 
Si - Silicon 
CR - Curvature ratio 
CVD - Chemical vapour deposition 
IPA - Isopropanol alcohol 
DI - De-ionized water 
LC circuit - Inductor-capacitor circuit 
ALE - Arbitary lagrangian-eulerian 
PEB - Post exposure baking 
USB - Universal serial bus 
DMFC - Direct methanol fuel cells 
 
xxii 
 
 
 
LIST OF SYMBOLS 
 
 
P - Pressure 
V - Velocity 
h - Height 
𝜌 - Fluid density 
g - Gravitational force 
µd.v - Dynamic viscosity  
V  - Velocity vector 
Lchannel - Length of a microchannel 
Dchannel - Diameter of a microchannel 
Qvolume - Volumetric flow rate 
FL - Lorentz force 
I - Current 
B - Magnetic field 
Lwire - Length of wire 
Ø - Diameter 
Z - Impedance 
R - Resistor 
f - Frequency 
Linductor - Inductor 
d - Separation gap 
Spre-travel - Pre travel stroke volume 
xxiii 
 
 
 
Swork - Working stroke volume 
e - Entrance 
o - Outlet 
Pe - Pressure at entrance 
Po - Pressure at outlet 
θ - Opening angle 
θop - Optimum half angle 
ξ - Loss coefficient 
ξd - Diffuser loss coefficient 
ξn - Nozzle loss coefficient 
Vdin - Velocity at the inlet 
η - Diffuser efficiency 
Ldiff - Length of diffuser 
νk.v - Kinematics viscosity 
Lmembrane - Membrane length 
tmembrane - Membrane thickness 
Lplunger - Plunger length 
Fload - Loading force 
rmembrane - Membrane radius 
ωmax - Maximum deflection 
νp.r - Poisson‟s ratio 
Ee.m - Elastic modulus 
fresonant - Resonant frequency 
fsp - Self-pumping frequency 
A - Actuation force 
PA - Pressure at end A 
PB - Pressure at end B 
xxiv 
 
 
 
Wz - Z component of vortices 
v - Velocity component in y direction 
u - Velocity component in x direction 
α - Inlet tube 
β - Outlet tube 
Foff - Offset frequency 
ηpump - Pumping Efficiecny 
Qmax - Maximum volumetric flow rate 
Pmax - Maximum back pressure 
Pactuator - Power consumption of actuator 
Np - Total amount of pixels 
C(yi) - Concentration intensity at each point 
σ - Mixing index 
 
 
xxv 
 
 
 
LIST OF APPENDICES 
 
 
APPENDIX TITLE  PAGE 
A Author‟s Publications List  152 
A.1 Refereed Articles  152 
A.2 Patent Application  153 
A.3 International Conferences  153 
A.4 Awards  154 
    
B Complements on Fluid, Structural Mechanics and 
graphical programming  
 
155 
B.1 Definitions on Fluid Mechanics  155 
B.2 Structural Mechanics  157 
B.3 Labview Graphical Programming for Data 
Acquisition 
 
159 
 
 
1 
 
 
 
CHAPTER 1  
INTRODUCTION 
1.1 Background 
The Micro Total Analysis System (µTAS), commonly known as Lab-On-a-
Chip (LOC) has emerged as a distinct subject with the potential to replace 
conventional laboratory procedures which are time-consuming and require repetitive 
fluid handling operations. LOC is considered as an integrated microfluidic platform 
which manipulates fluids on a microscale to incorporate the disciplines of chemical 
synthesis and biological analysis, ranging from sample preparation to electrical 
signal detection. The implementation of a LOC in these disciplines aims to reduce 
the sample volume, to have greater control of the assay with less manual 
intervention, allowing high throughput analysis, to shorten analysis time, and finally 
to reduce the cost of conventional analysis processes [1]. 
 
The basic procedure of a LOC comprises sample delivery, preparation before 
analysis, handling operations and lastly, signal acquisition and measurement. The 
operation of a LOC is presented as a functional block diagram in Figure 1.1. 
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Figure 1.1 Basic operation of LOC (version adapted from Shen et al. [2]) 
 
From Figure 1.1, the sample transportation subsystem is central to the 
concept of a LOC to dispense and deliver a micro or nano amount of a material 
sample to other subsystems for subsequent operation. The physical properties of the 
sample in the microchannel, such as flow pattern, convection, flow rate and back 
pressure, will contribute to different levels of chemical reactions that will directly 
affect the result. 
 
Conventional sample transportation is often established through manual 
pipetting, external regulated pressure source or by syringe pumps. This has limited 
the purpose of portability of LOC. Besides, the precision delivery of sample reagent 
in “micro” amount is difficult. The limited usage of “on chip pumping” mechanism 
might probably results from the lack of micropump availability with the combination 
of efficiency and cost [3]. Hence, for a LOC system to capitalize on the 
aforementioned advantageous, the development of on chip micropump is imperative 
to provide a better microscale fluid handling methods for microfluidic device. 
 
The first development of a miniature pump can be traced back to 1975, when 
patented by Thomas et al. [4] for human body implantation applications. The device, 
actuated by a two opposing piezoelectric disc bender, is incorporated with a sequence 
control by an active solenoid valve to dispense small volumes of fluid. Subsequently, 
with the continued development of microfabrication technology, in 1990 Smits et al. 
3 
 
 
 
[5] demonstrated a peristaltic micropump with a silicon micromachining technique. 
Three piezoelectric operated active valves were used to control the insulin delivery.  
  
For a single actuator operated micropump, van Lintel et al. [6] successfully 
demonstrated the feasibility of a passive silicon check valve integrated into a silicon 
based micropump to direct the flow. Since then, microfluidic systems with an 
integrated micropump have attracted much research attention. With this continued 
development, micropumps not only have a significant presence in academia, but have 
also begun to appear as commercial devices in biomedical applications.  
 
A more practical instance can be related to the portable insulin delivery 
micropump (Omnipod
TM
) developed by Insulet Corporation [7]. The insulin is filled 
into a syringe which is placed in the micropump and injected into human skin via a 
shape memory alloy (SMA) actuated linear motor. The portability and better insulin 
control benefit the diabetic patients compared with the conventional insulin injection 
system. Besides, a nebuliser which includes an ultrasonic working micropump is 
manufactured by Nektar [8]. The device is able to deliver an aerosolized antibiotic 
deep in the lungs of patients who require inhalation therapies. Further uses of 
micropumps in drug delivery and microneedle technologies are having a major 
influence in the biomedical field, where their impact will be as catalysts in 
miniaturised biomedical applications. Several excellent studies [1, 9, 10] have 
encapsulated the latest trend of micropump implementation as a biomedical device. 
In addition, the rapid growth of micropump devices has made their application as 
diverse as microelectronic cooling systems [11, 12] and the fuel cell industry [13]. 
1.2 Problem Statement  
In view of the importance of the sample dispensing procedure in a self-
contained LOC control system, a micropump with more flexibility and versatility is 
much needed. Most of the applications of the current micropumps have been limited 
to a single purpose device due to the monolithic approach to structure construction, 
where the actuator and microchannel are integrated into a single chip. This approach 
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needs a common fabrication method for both actuator and microchannel, and their 
functionality might have to be compromised to achieve the pumping target. 
Additionally, slight modification to the particular functional component may require 
reconstruction of the whole device, which might incur a substantial cost and requires 
a longer development time [14].  
 
In addition, the monolithic micropump structure is not well suited to the 
intention of being disposable. In a LOC design, disposability is a major aspect that 
should be highlighted to confirm that the sample is unpolluted. This feature is 
especially important when the LOC is meant for biomedical analysis applications. 
The device needs to be disposed of to eliminate the sterilizing procedure and to 
confirm the hygiene condition of the instrument. Nonetheless, this disposable feature 
is often constrained by the material used in their construction and the availability of 
fabrication facilities. For instance, the piezoelectric actuator involves expensive 
fabrication materials, a complicated fabrication procedure and high operating 
voltage, which require a specialised set-up which is hard to dispose of after one 
analytical use [15]. 
1.3 Research Objectives and Scope of the Thesis 
The primary objective of this thesis is to design a modular on-chip 
micropump to handle a microscale fluid transportation process. The specific goals 
can be further expressed as: 
 
(1) To develop a micropump with a modular set-up and to study its pumping 
behaviour in a modular configuration.  
(2) To explore the bi-directional pumping and mixing multifunctional features that 
contribute to the modular architecture. 
 
To accomplish these objectives, two different micropump architectures were 
proposed and their pumping characteristics were studied. The setup of the first 
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architecture is to demonstrate the feasibility of the on-chip pumping operation in an 
external separated actuation mechanism. The actuation mechanism will focus on a 
solenoid-based electromagnetic actuator. As the device is meant for in vitro LOC 
application, disposability will be highlighted in this thesis. The disposable feature of 
the device can be constructed by using widely available and cost-effective polymer 
and the utilisation of low cost rapid prototyping fabrication technology. 
 
Structurally, the design of the chip which functions to regulate the flow is made 
in a planar configuration in order to fit within functional modules. To have a wider 
selectivity of the sample selection, such as particle-laden samples, no moving flap 
valve is involved in the construction of the structure, as such a moving valve might 
be susceptible to the risk of particle clogging. The focus on the chip design mainly 
concentrates on microchannel manipulation, where the fluid dynamics involved in 
flow regulation is examined. By altering the fluid dynamics in the microchannel, bi-
directional flow and mixing functions can be established. This multifunctional 
behaviour is investigated in the second modular architecture. 
1.4 Research Methodology 
Basically, the micropump architecture consists of two basic modules: 
actuation module and flow rectification modules. The actuation module creates 
pressure difference within the pump chamber, whereas the flow rectification module 
directs the flow stream. In this thesis, the flow behaviour of the flow rectification 
module was studied with diffuser and gourd-shape elements. In addition, bi-
directional and mixing performances of the gourd-shape elements were 
characterised. 
 
To design the flow rectification module, finite element modelling (FEM) was 
employed to find the optimum parameters. The diffuser channel was evaluated based 
on minor loss theory with the investigation of the diffuser angle opening, curvature 
ratio and entrance length study. Besides, the membrane which creates stroke volume 
within the pump was judged on its shape geometry, material, thickness and surface 
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interaction with plunger contact. After gaining the data, the flow rectification 
modules were fabricated with replication approach. The diffuser module was 
fabricated through rapid hot embossing technology with PCB mould in PMMA 
material. On the other hand, the gourd-shape module was constructed with PDMS 
material via photolithography technique in mould fabrication.  
 
Experimental characterisation of the actuation module and flow rectification 
module include the pump flow rate performance at low operating frequency, nominal 
frequency, and at back pressure variation with the separation distance of 2.0 mm, 
2.5 mm and 3.0 mm. Lastly, the flow rate and back pressure performance of the 
micropump was compared with its reported counter parts. 
1.5 Significant Findings 
This section describes the contributions of the research works to the body of 
knowledge in the field of micropumps. Experimental investigation of the modular 
micropump development is presented in this thesis. The major outcomes of this 
thesis can be summarised as follows: 
 
(1) The pinch mechanism was introduced by using an electromagnetic solenoid for 
the modular setup. Experimental investigation was conducted on the behaviour 
of flow in the diffuser channel at the specified pinch mechanism. 
(2) To address the low cost objective in pump construction, a low cost and more 
user-friendly prototyping protocol was developed in the module fabrication. 
Low cost equipments such as a printed circuit board (PCB) mould, laboratory 
oven, vice clamp and aluminium sheets were employed in the thermoplastic 
replication. 450 µm thick diffuser channels (replica) were successfully 
fabricated. 
(3) To the best of the author‟s knowledge, no reports exist on flow regulation 
based on the dynamic rectification principle. The direction of flow depends on 
the flow dynamics induced by the pinch operation and the fixed geometrical 
structure of the chamber. This principle added extra credit in making the pump 
7 
 
 
 
more multifunctional such as for use in bi-directional pumping and particle 
mixing.  
1.6 Thesis Outline  
A review of the micropump development associated with the present study is 
given in Chapter 2, including the basic components of the mechanical micropump, 
the mixer and rapid prototyping technique. Then, in Chapter 3, the conceptual design 
of the modular setup is illustrated with the experimental investigation on the 
actuation module, in which an electromagnetic actuator will be utilised. In addition, a 
numerical simulation was performed to study the operating geometrical parameters 
of the diffuser flow module, and the results obtained will act as a guideline in device 
development. Subsequently, the development of the diffuser element in the flow 
rectification module is described in Chapter 4. In Chapter 4, the diffuser flow module 
is realised and experimental characterisation of the diffuser module is shown. Next, 
by changing the diffuser and chamber elements, a bi-directional flow can be 
established with the developed gourd-shaped chamber module in Chapter 5. In 
addition, the mixing characteristics contributed by the gourd-shaped module are 
investigated. Finally, the thesis concludes in Chapter 6 with an outlook on future 
project development. 
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